Abstract. Altered epigenetic control of gene expression plays a substantial role in tumor development and progression. Accumulating studies suggest that somatic mutations of CREB binding proteins (CBP)/p300 occur in some cancer cells. CBP/ p300 possess histone acetyltransferase (HAT) activity, and are involved in many cellular processes. In this study, we investigated the expression and functional role of CBP/p300 in hepatocellular carcinoma (HCC) using the specific inhibitor C646 of CBP/p300 HAT activity. We examined its effect on several apoptosis-related proteins and invasion-related genes. The results showed that CBP/p300 were highly expressed in HCC tissues and that expression of p300, but not of CBP, was strongly correlated with the malignant character of HCC. C646 inhibited proliferation of HCC cell lines in a dose dependent manner. C646 significantly augmented TRAIL-induced apoptotic sensitivity, which was accompanied by reduced levels of survivin, in HepG2, HLE and SK-HEP1 cells. C646 significantly inhibited invasion of Huh7, HLE and SK-HEP1 cells. The level of matrix metallopeptidase 15 (MMP15) mRNA expression was significantly reduced, whereas the level of laminin alpha 3 (LAMA3) and secreted phosphoprotein 1 (SPP1) mRNA expression was significantly increased in Huh7 cells following exposure to C646. In conclusion, our results suggest that CBP/p300 HAT activity has an important role in malignant transformation, proliferation, apoptotic sensitivity and invasion in HCC. CBP/p300 could be a promising therapeutic target in HCC.
Introduction
Epigenetics is defined as the inheritance of information based on gene expression levels as opposed to genetics, which refers to information inherited on the basis of gene sequences. Recent studies have shown that altered epigenetic control of gene expression plays a substantial role in many different diseases, including tumor development and progression (1) (2) (3) . Unlike genetic mutations, changes in the epigenome associated with cancer are potentially reversible. Novel therapies targeting epigenetic pathways are already used in clinical cancer treatment or are currently in preclinical and clinical trials (3) . Histone acetylation is a key epigenetic mechanism. Histone proteins assemble with DNA in nucleosomes that function as transcriptional regulators. The N-terminal tails of histones undergo acetylation on specific residues. Acetylation of lysines is regulated by the opposite action of histone acetyltransferase (HAT) and histone deacetylases (HDAC) enzymes.
CREB binding protein (CBP) and p300 belong to the HAT family. CBP/p300 are transcriptional coactivators for many important transcription factors. Through their HAT activity, they relax chromatin structure and make chromosomal DNA accessible (4) . The HAT activity of CBP/p300 also acetylates a number of non-histone transcription factors, which can positively or negatively modulate their activity through diverse mechanisms. CBP/p300 have at least 400 interacting partners and act as hubs in gene networks (5) . Through their interaction with diverse transcriptional factors, CBP/p300 are involved in many cellular processes such as DNA repair, cell growth, differentiation, and apoptosis (6) .
Somatic mutations of CBP/p300 occur in some malignancies. For example, chromosomal translocations directly involving CBP or p300 genes are associated with leukemia (7, 8) . Bi-allelic somatic mutations in the p300 gene have been occasionally observed in gastric, colon and breast cancers, and truncating mutations in p300 were detected in primary tumors and tumor cell lines (9, 10) . Mice with mono-allelic inactivation of the CBP gene, but not of the p300 gene, develop an increased incidence of hematological malignancies (11) . In a study of chimeric mice, hematological malignancies emerged from both CBP -/-and p300 -/-cell populations. This finding suggests that both CBP and p300 appear to play a role in suppressing hematological tumor development (12) . Accumulating scientific evidence indicates that CBP/p300 play a role in cancer phenotype. CBP/p300 promoted cancer progression in colon cancer cell lines with microsatellite instability (13) . Furthermore, p300 regulated p53-dependent apoptosis after DNA damage in colon cancer cells (14) and p300 disruption promoted epithelial to mesenchymal transition and an aggressive cancer phenotype (15) . Hepatocellular carcinoma (HCC) is a global health concern due to its prevalence and dismal prognosis. The role of epigenetic deregulation in HCC is being increasingly recognized (16) (17) (18) . However, as far as we know, there have been few studies on the functional significance of CBP/p300 HAT activity in HCC. The selective small molecule inhibitor C646 of CBP/p300, was identified in a virtual ligand screen (19) . C646 has been used to study p300 HAT function in prostate cancer (20) , melanoma (21) , non-small cell lung cancer (22) , and acute myeloid leukemia (23) . These studies indicated that CBP/p300 play an important role in cancer cell progression.
Therefore, in this study, we investigated the impact of CBP/p300 HAT activity in HCC and the possibility that CBP/p300 may be a promising therapeutic target in HCC.
Materials and methods
Cell lines and reagents. The human HCC cell line SK-HEP1 was purchased from the American Type Culture Collection (Rockville, MD, USA). The human HCC cell lines HepG2, HLE and Huh7 were purchased from the Health Science Research Resource Bank (Osaka, Japan). All cell lines were cultured in Dulbecco's modified Eagle's medium (DMEM) supplemented with 1% penicillin/streptomycin and 10% fetal calf serum (FCS) (all from Life Technologies, Tokyo, Japan).
The EP300 monoclonal antibody was purchased from Abnova (Taipei, Taiwan). The CBP rabbit monoclonal antibody was purchased from Cell Signaling Technology (Denver, MA, USA). C646 was purchased from Sigma-Aldrich (St. Louis, MO, USA), and was dissolved in dimethyl sulfoxide (DMSO). Recombinant human TRAIL was purchased from R&D Systems (Minneapolis, MN, USA).
Immunohistochemistry. Immunohistochemical staining for CBP and p300 was performed on tissue arrays (Super Bio Chips, Seoul, Korea) using a TSA Biotin system (Perkin Elmer, Waltham, MA, USA). Deparaffinized sections were heated for 15 min in citrate buffer at 120˚C in an autoclave to reactivate the antigen and were then treated with 0.3% H 2 O 2 in methanol for 20 min to deactivate endogenous peroxidases. Sections were blocked with TNB blocking buffer (0.1 M Tris-HCl pH 7.5, 0.15 M NaCl, 0.5% blocking reagent) for 30 min, covered with primary antibody at 4˚C overnight, covered with second-step biotinylated antibody for 60 min, and then incubated with streptavidin-horseradish peroxidase (HRP) for 30 min. After washing, sections were incubated with the biotinyl tyramide amplification reagent for 10 min. After washing, sections were incubated with streptavidin-HRP for 30 min and were then incubated with diaminobenzidine (DAB) (Dojindo, Rockville, MD, USA)/0.15% H 2 O 2 and counterstained with hematoxylin (Muto Pure Chemicals, Tokyo, Japan). Staining was observed under a microscope (BZ-X710; Keyence, Osaka, Japan).
Detection of histone acetylation by immunoblotting. HCC cells were incubated at 37˚C in a 5% CO 2 atmosphere. Cells were treated with C646 (0, 20 and 50 µM) for 6 h following which histones were isolated using the EpiQuik Total Histone Extraction kit (Epigentek, Brooklyn, NY, USA) according to the manufacturer's instructions. The protein content of each sample was measured using the Bio-Rad protein assay kit (Bio-Rad Laboratories, Hercules, CA, USA). Aliquots from each sample containing equal amounts of protein were separated by sodium dodecyl sulfate (SDS)-polyacrylamide gel (PAGE) electrophoresis and transferred onto polyvinylidene difluoride (PVDF) membranes (Millipore, Billerica, MA, USA) for immunoblotting as described previously (24) . The following primary antibodies were used: anti-acetyl-histone H3 (1:10,000) and anti-histone H3 (1:20,000) (Millipore). Signals were detected with the appropriate second antibodies and an ECL kit (Amersham Pharmacia Biotech, Bucks, UK).
Cell proliferation and viability assay. MTT assay. HCC cells were plated at a density of 5x10 3 cells/well in 96-well microtiter plates (Corning Glass Works, Corning, NY, USA), and each plate was incubated at 37˚C in a 5% CO 2 atmosphere. After incubation for 24 h, 50 µl of drug solution was added, and the plates were incubated for an additional 24 or 48 h according to the experiments. The live-cell count was determined using a Cell Titer 96 assay kit (Promega, Madison, WI, USA) according to the manufacturer's instructions. The absorbance of the contents of each well was measured at 570 nm with a microtiter plate reader (Bio-Rad Laboratories).
Detection of apoptosis-related proteins by immunoblotting.
Expression of survivin, XIAP and Bcl-xL in HCC cell lines was analyzed using immunoblotting. Cells were harvested after incubation with C646 (0, 5, 20 and 50 µM) for 24 h and were lysed on ice with RIPA buffer (Thermo Fisher Scientific, Waltham, MA, USA). Aliquots from each sample containing equal amounts of protein were separated by SDS-PAGE and transferred onto PVDF membranes (Millipore) for immunoblotting. The following primary antibodies were used: anti-β-actin antibody (1:4,000) (ab8227; Abcam, Cambridge, MA, USA), anti-XIAP antibody (1:2,000), anti-Bcl-xL antibody (1:1,000) (both from BD Transduction Laboratories, Lexington, KY, USA) and anti-survivin antibody (1:50) (Santa Cruz Biotechnology, Inc., Santa Cruz, CA, USA). Signals were detected with the appropriate second antibodies and an ECL kit (Amersham Pharmacia Biotech).
Invasion assay. Changes in the invasion of HCC cells were analyzed using a BioCoat Matrigel Invasion chamber (8 µm pore-size; Corning, Bedford, MA, USA) according to the manufacturer's instructions. HCC cells (5x10 4 /well) suspended in serum free media were seeded in the upper chamber with or without the indicated doses of C646. Ten percent FCS, acting as a chemoattractant, was placed in the lower chambers. After incubation for 22 h at 37˚C in a 5% CO 2 atmosphere, the noninvaded cells on the upper surface were removed with a cotton swab. The invaded cells on the filter membrane were stained with Diff-Quick solution (Sysmex, Kobe, Japan). The invaded cells were counted under a microscope (Keyence) and five randomly chosen fields were counted for each assay.
Real-time-polymerase chain reaction (PCR) array.
Changes in the expression of genes related to the migration and invasion of Huh7 cells following exposure to C646 (0 or 20 µM) for 24 h were analyzed using an RT 2 PCR array (Human Extracellular Matrix and Adhesion Molecules) (SABiosciences Corp., Frederick, MD, USA) according to the manufacturer's instructions. Observed changes in mRNA expression were confirmed using quantitative real-time PCR.
Quantitative reverse transcription (RT)-PCR.
Total RNA was extracted from ~10 7 Huh7 cells using an RNeasy mini kit (Qiagen, Tokyo, Japan), and cDNA was synthesized by extension of oligo(dT) primers using PrimeScript reverse transcriptase (Takara, Ohtsu, Japan). Quantitative (qRT-PCR) was performed using an ABI PRISM 7300 Real-time PCR system (Applied Biosystems, Foster City, CA, USA) with EagleTaq Master Mix kits (Roche Molecular Systems, Branchburg, NJ, USA). The expression levels of target genes were determined from triplicate reactions by normalization of expression data to that of GAPDH. The primer sets for human matrix metallopeptidase 15 (MMP15), human laminin alpha 3 (LAMA3), human secreted phosphoprotein 1 (SPP1) and human GAPDH were as follows: human MMP15 forward, 5'-GCTGCTCCTGGTGCTTCT-3' and reverse, 5'-CTGAGG CAGGTAGCCATAAAG-3'; human LAMA3 forward, 5'-AGC CCGGGAAGCACTTAT and reverse, 5'-TGTCCATAGAGGC CGTGAC-3'; human SPP1 forward, 5'-GGGCTTGGTTGTC AGCAG-3' and reverse, 5'-CACTGCAATTCTCATGGTAG TGA-3'; human GAPDH forward, 5'-TATAAATTGAGCCCG CAGCC-3' and reverse, 5'-TTCCCGTTCTCAGCCTTGAC-3'.
Statistical analysis. Cell number and gene expression data were compared using the two-tailed Student's t-test. For analysis of differences between rates, the Chi-square test for independence was used. Cell invasion was compared using one-way ANOVA. A P-value <0.05 was considered statistically significant.
Results

CBP and p300 are expressed in HCC.
We first performed immunohistochemical staining for CBP and p300 in tissue array samples. Results of the immunohistochemical analyses of CBP are summarized in Table I . The positive rates for CBP staining were extrahepatic metastatic HCC lesions > HCC primary lesions > non-malignant liver tissues (P<0.01). However, there were no correlations between the degrees of cancer cell differentiation and positive staining for CBP. Fig. 1A -C show representative staining of CBP in non-malignant liver tissue, HCC primary lesion and extrahepatic metastatic HCC lesion, respectively. Results of the immunohistochemical analyses of p300 are summarized in Table II . The positive rates for p300 staining were extrahepatic metastatic HCC lesions > HCC primary lesions > non-malignant liver tissues (P<0.01). Additionally, there were statistical correlations between the degree of cancer cell differentiation and positive staining for p300 (P<0.05). Poorly differentiated HCC showed stronger p300 staining. Fig. 1D-F show representative staining of p300 in non-malignant liver tissue, HCC primary lesion and extrahepatic metastatic HCC lesion, respectively. CBP and p300 were also expressed in HepG2, Huh7, HLE and SK-HEP1 cells (data not shown). These results suggest that positive staining of CBP and p300 is a good marker of HCC and positive staining of p300 is a better marker of the malignant character of HCC than positive staining of CBP.
C646 reduces histone H3 acetylation in HCC cells. C646 has selective acetyltrasferase activity against CBP/p300 HAT. To assess the effect of C646 on global histone H3 acetylation in HCC cells, we used immunoblotting. Exposure of HepG2, Huh7, HLE and SK-HEP1 cells to C646 for 6 h resulted in dose-dependent reduction in global histone H3 acetylation (Fig. 2) .
C646 reduces the proliferation of HCC cells. Next, to assess if C646 could affect HCC cell proliferation, we examined the effect of C646 on cancer cell number using an MTT assay (Fig. 3) . Exposure of HepG2, Huh7, HLE and SK-HEP1 cells to C646 for 24 h resulted in decreased cell number in a dose-dependent manner. Moreover, nuclear fragmentation stained with 4,6-diamino-2-phenylindole (DAPI) was scarcely observed in SK-HEP1 cells treated with C646 (data not Table II . Immunohistochemical analysis of p300 expression. shown), suggesting C646 mainly reduced the proliferation of HCC cells rather than induced apoptosis.
Extent of positive staining -------------------------------------------------------------------------
C646 augments TRAIL-induced apoptotic sensitivity.
Since most HCC cells are resistant to TRAIL, we investigated if CBP/p300 may be involved in this resistance by analysis of the effects of C646 on TRAIL-induced apoptosis. We incubated HCC cells with different concentrations of TRAIL, with or without C646 for 48 h. Although 20 µM C646 did not affect TRAIL-induced apoptotic sensitivity of Huh7 cells (Fig. 4B) , C646 augmented TRAIL-induced apoptotic sensitivity in HepG2, HLE and SK-HEP1 cells (Fig. 4A, C and D) .
C646 suppresses expression of survivin.
In order to elucidate the mechanism of the effect of C646 on TRAIL-induced apoptotic sensitivity, we next used immunoblotting to investigate the effects of C646 on the intracellular expression level of survivin, XIAP and Bcl-xL, as these proteins play an important role in controlling apoptotic pathways. In Huh7 cells, the levels of Bcl-xL, XIAP and survivin did not change following C646 treatment (Fig. 5B) . In HepG2, HLE, and SK-HEP1 cells, although the levels of Bcl-xL and XIAP did not change in response to C646 treatment, the level of survivin was reduced in response to C646 treatment in a dose-dependent manner (Fig. 5A, C and D) . The levels of survivin were reduced by C646 treatment in all cell lines except for Huh7, providing a possible explanation for the low sensitivity of Huh7 to C646 augmentation of TRAIL-induced apoptosis.
C646 inhibits the invasion of HCC cells.
Finally, we examined the effect of C646 on HCC cell invasion using a Matrigel-coated invasion chamber. Interestingly, culture with C646 (0, 10 or 20 µM) significantly inhibited the invasion of Huh7 cells after 22 h in a dose-dependent manner (Fig. 6B) . Similar inhibition of invasion following exposure to C646 was observed for HLE cells (Fig. 6C ) and SK-HEP1 cells (Fig. 6D) . However, culture with C646 did not significantly inhibit the invasion of HepG2 cells (Fig. 6A) .
C646 changes invasion-related mRNA expression in HCC cells. To elucidate the mechanism by which C646 suppresses the invasion of HCC cells, we compared the mRNA expression of Huh7 cells cultured with 20 µM C646 with that of control cells using a real-time PCR array. This experiment showed >1.5 fold-changes in the mRNA expression levels of MMP15, LAMA3 and SPP1 between the C646-treated and control cells and amplification of these mRNAs was detected at fewer than 30 PCR cycles (data not shown). To confirm these results, we examined C646-induced changes in the level of MMP15, LAMA3 and SPP1 mRNA expression in Huh7 cells using qRT-PCR. The level of MMP15 (P<0.01) mRNA expression was significantly reduced, whereas the level of LAMA3 (P<0.05) and SPP1 (P<0.01) mRNA expression was significantly increased, in Huh7 cells following exposure to C646 (Fig. 7) .
Discussion
In the current study, we observed that high expression of CBP/ p300 was more frequently observed in HCC tissues than in non-malignant liver tissues and showed the highest frequency in extrahepatic metastatic HCC lesions. Moreover, expression of p300, but not that of CBP was strongly correlated with the degree of cancer cell differentiation in HCC. These results suggested that CBP/p300 have a critical role in determination of the biological properties of HCC. Previous studies indicate that increased expression of CBP/ p300 was observed in a variety of human cancers. In prostate cancer, p300 expression correlates with nuclear alterations of tumor cells, contributes to tumor growth and is a predictor of aggressive features (25) . In colon cancer, both CBP and p300 are overexpressed in adenocarcinoma tissues compared with normal mucosae (26) . In nasopharyngeal carcinoma (NPC), high expression of p300 is more frequently observed in NPC tissues when compared to the non-neoplastic nasopharyngeal mucosal tissues (27) . Similarly, in HCC, high expression of p300 is more frequently observed in HCC tissues when compared to the adjacent liver tissues. Moreover, high expression of p300 is associated with an aggressive feature of HCC and is a strong and independent predictor of cancer-specific survival (28) . The above evidence strongly supports the findings we obtained in this study.
We investigated the biological function of CBP/p300 in HCC cells using the small molecule competitive CBP/p300 inhibitor C646, which has been shown to selectively inhibit CBP/p300 HAT activity (19) . We found that proliferation and invasion of HCC cells were significantly inhibited by exposure to C646. Previous studies have shown that C646 induces apoptosis in prostate cancer cells (20) and leukemia cells (23) . On the contrary, our results indicated that C646 did not induce apoptosis directly, but augmented TRAIL-induced apoptotic sensitivity. TRAIL, a member of the tumor necrosis factor (TNF) family, selectively induces apoptosis in various transformed cell lines. Furthermore, various types of tumor cells including HCC show resistance to TRAIL-induced signaling. In order to elucidate the molecular basis by which C646 augments TRAIL sensitivity, we examined the expression of the inhibitor of apoptosis (IAPs) proteins that are overexpressed in HCC cells and confer tumor cell survival and proliferation mainly by inhibiting the caspase cascade (29) (30) (31) . We found that decreased cell proliferation by C646 correlated with decreased levels of survivin. A previous study showed that survivin promotes the proliferation of HCC cells (29) . These results indicated that downregulation of survivin protein levels by C646 contribute to its anti-proliferation effects and to its augmentation of TRAIL-induced apoptotic sensitivity.
In addition to antiproliferative and apoptotic effects of C646, we found that C646 substantially inhibited the invasion of HCC cell lines. A previous study showed that inhibition of p300 in prostate cancer cells leads to a decrease in cell migration and invasion (20) , which supports our results. To clarify the mechanism by which C646 inhibited the invasion of HCC cell lines, we examined the effect of C646 on the mRNA expression of various invasion-related genes and found that the mRNA expression of MMP15, LAMA3 and SPP1 mRNA was significantly changed compared to control cells.
MMP15 is classified into the membrane type MMPs that are important for pericellular proteolysis. In the present study, the expression level of MMP15 was significantly decreased by C646 treatment. MMP-15 suppression was previously shown to induce inhibitory effects on the 3D proliferation and in vivo tumor growth of human fibrosarcoma and gastric cancer cells (32) . Furthermore, MMP15 expression is associated with tumor progression and angiogenesis in human lung cancer (33) . Our result is consistent with these data. Laminin-5 is a heterotrimer of α3, β3 and γ2 subunits, which are encoded by LAMA3, LAMB3 and LAMC2 genes, respectively. Our results showed that decreased invasion of HCC cells correlated with an increased expression level of LAMA3. Laminin β3 and γ2 chains accumulate intracellularly and play a role in cancer progression, while epigenetic silencing of the laminin α3 chain may lead to an inability to synthesize the basement membrane and may affect cancer cell invasion in gastric cancer (34) . Furthermore, the overexpression of p300 in breast epithelial cells leads to decreased levels of expression of LAMA3 and LAMC2, resulting in decreased adhesion (35) . SPP1 (also known as osteopontin) is a multifunctional cytokine that impacts cell proliferation, survival, drug resistance, invasion, and stem-like behavior. It is implicated in promoting the invasive and metastatic progression of many cancers (36) . Increased expression of SPP1 was inconsistent with inhibitory effects on HCC cell invasion. However, it has been recognized that metastasis regulating genes, such as MMPs, play complex, and often opposing roles in cancer progression.
We acknowledge that our experimental data were obtained from cultured cell lines, and we did not clarify the effect of C646 on normal hepatocytes and stromal cells. The relationships between HCC cells and stromal cells remain to be elucidated. Therefore further investigation is required. Also, the precise mechanism through which C646 changes invasionrelated mRNA expression remains to be elucidated.
In conclusion, C646 inhibited cellular proliferation and invasion, and augmented TRAIL-induced apoptotic sensitivity in HCC cells. Our results suggest that CBP/p300 HAT activity has an important role in malignant transformation, proliferation, apoptotic sensitivity and invasion in HCC. CBP/p300 could be a promising therapeutic target in HCC.
